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SYSTEMS AND METHODS FOR LEVELING
AND OSCILLATION CONTROL OF A LIFKT
DEVICE

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims the benefit of and prionity to U.S.
Provisional Application No. 63/329,549, filed Apr. 11, 2022,
the entire disclosure of which 1s imncorporated by reference
herein.

BACKGROUND

The present disclosure relates to lift devices. More par-

ticularly, the present disclosure relates to leveling systems
for liit devices.

SUMMARY

At least one embodiment relates to a leveling system for
a lift device. The leveling system includes an axle, a pin, a
cradle, and a chassis. The axle 1s configured to rotatably
couple with one or more tractive elements. The pin extends
through a bore of the axle. The cradle 1s pivotally coupled
with the pin. The chassis 1s pivotally coupled with the pin.
The chassis includes a first actuator and a second actuator.
The first actuator and the second actuator each include a
body and a rod configured to extend relative to the body. The
rods of the first actuator and the second actuator are con-
figured to be extended to engage corresponding surfaces on
opposite sides of the cradle. The cradle and the chassis are
configured to rock in unison a limited angular amount
relative to the axle.

In some embodiments, the first actuator and the second
actuator are configured to extend or retract the rod relative
to the body to adjust a relative angular orientation between
the chassis and the cradle. The cradle and the chassis may be
configured to rotate in unison the limited angular amount
relative to the axle independently of a current relative
angular orientation between the cradle and the chassis.

The first actuator and the second actuator are configured
to operate to extend or retract to level the chassis relative to
the cradle without adjusting a relative angular orientation
between the cradle and the axle, according to some embodi-
ments. Opposite ends of the cradle may be configured to
directly contact corresponding surfaces of the axle when
rocking between a first angular orientation and a second
angular orientation relative to the axle.

In some embodiments, a first end of the cradle directly
contacts a first corresponding surface of the axle when the
cradle rocks to the first angular orientation relative to the
axle, and a second end of the cradle directly contacts a
second corresponding surface of the axle when the cradle
rocks to the second angular orientation relative to the axle.
The cradle may be fixedly coupled with the pin.

In some embodiments, the axle includes a protrusion. The
protrusion may include a bore that extends through the
protrusion 1n a longitudinal direction and the pin extends
through the bore.

In some embodiments, the pin defines an axis and the
cradle and the chassis are configured to rotate or pivot 1n
unison about the axis relative to the axle the limited angular
amount. The chassis may be pivotally coupled with the pin
through a trunnion mount.

In some embodiments, the leveling system further
includes a pair of strain gauges or position sensors. The pair
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ol strain gauges or position sensors may be positioned on
opposite lateral sides of the pin and are configured to
measure a strain or a force applied by the cradle as the cradle
rocks relative to the axle.

Another embodiment of the present disclosure 1s a level-
ing system for a lift device. The leveling system includes an
axle, a pin, and a chassis. The axle 1s configured to rotatably
couple with one or more tractive elements. The pin extends
through a bore of the axle. The chassis pivotally couples
with the pin. The chassis includes a first actuator and a
second actuator. The first actuator and the second actuator
cach include a body and a rod configured to extend relative
to the body. Ends of the rods of the first actuator and the
second actuator may be a predetermined distance from an
exterior surface of the axle when the axle and the chassis are
parallel. The axle 1s configured to rock relative to the chassis
a limited angular amount between a first angular position
and a second angular position.

In some embodiments, the end of the rod of the first
actuator 1s configured to directly contact a first correspond-
ing portion of the exterior surface of the axle when the axle
1s 1n the first angular position and the end of the rod of the
second actuator 1s configured to directly contact a second
corresponding portion of the exterior surface of the axle
when the axle 1s 1 the second angular position.

In some embodiments, the rods of the first actuator and
the second actuator each include a distance sensor config-
ured to measure a current distance between the end of the
rod and the exterior surface of the axle. The first actuator and
the second actuator may be operated to extend until the
current distance between the ends of the rods of the first
actuator and the second actuator and the exterior surtace of
the axle 1s substantially equal to the predetermined distance
to achieve the predetermined distance between the ends of
the rods and the exterior surface of the axle when the axle
and the chassis are parallel.

Another embodiment of the present disclosure 1s a lift
device. The lift device includes a lift base, a front axle, a rear
axle, a front leveling system, and a controller. The front
leveling system 1s configured to couple the front axle with
the lift base and a rear leveling system 1s configured to
couple the rear axle with the it base. The rear axle includes
a sensor configured to measure a relative orientation
between the lift base and the rear axle. The controller 1s
configured to obtain the relative orientation between the lift
base and the rear axle and operate the front leveling system
based on the relative orientation between the lift base and the
rear axle.

In some embodiments, the front leveling system 1s con-
figured to adjust a relative orientation between the front axle
and the lift base to achieve a desired relative orientation at
the front axle and the rear leveling system 1s configured to
adjust the relative orientation between the rear axle and the
l1ft base to achieve a desired orientation at the rear axle. At
least one of the front leveling system and the rear leveling
system 1s configured to allow an additional amount of
limited relative rotation when the corresponding one of the
front axle or the rear axle 1s at the desired orientation.

In some embodiments, at least one of the rear leveling
system and the front leveling system include a pair of
sensors configured to measure an indication of a relative
orientation between the corresponding one of the front axle
or the rear axle and the lift base. At least one of the rear
leveling system or the front leveling system includes an
actuator. The actuator includes a body, and a rod. The body
1s rotatably coupled with the lift base at a first end of the
actuator. The rod 1s configured to translate relative to the
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body and shidably and pivotally coupled with a slot of a
corresponding one of the front axle or the rear axle. Opera-
tion of the actuator adjusts a relative orientation between the
l1ft base and the corresponding one of the front axle or the
rear axle to achieve a desired relative orientation between
the lift base and the corresponding one of the front axle or
the rear axle.

In some embodiments, at least one of the rear leveling
system or the front leveling system includes a pin, a cradle,
and a first and second actuator. The pin extends through a
bore of a corresponding one of the front axle or the rear axle.
The pin pivotally couples the corresponding one of the front
axle or the rear axle with the lift base. The cradle 1s pivotally
coupled with the pin. The first and the second actuator are
coupled with the lift base. The first actuator and the second
actuator each include a body and a rod configured to extend
relative to the body. The rods of the first actuator and the
second actuator are configured to be extended to engage
corresponding surfaces on opposite sides of the cradle.

This summary 1s 1llustrative only and 1s not intended to be
in any way limiting. Other aspects, imnventive features, and
advantages of the devices or processes described herein will
become apparent in the detailed description set forth herein,
taken 1n conjunction with the accompanying figures,
wherein like reference numerals refer to like elements.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure will become more fully understood from
the following detailed description, taken 1n conjunction with
the accompanying figures, wherein like reference numerals
refer to like elements, 1n which:

FIG. 1 15 a perspective view of a lift device, according to
an exemplary embodiment.

FI1G. 2 1s a diagram of a portion of the lift device including
a front leveling system and a rear leveling system, according
to an exemplary embodiment.

FIG. 3A-3C are diagrams of a first leveling system that
may be implemented as one of the front leveling system or
the rear leveling system of the lift device of FIGS. 1-2,
according to an exemplary embodiment.

FIG. 4 1s a perspective view of a second leveling system
that may be implemented as one of the front leveling system
or the rear leveling system of the lift devices of FIGS. 1-2,
according to an exemplary embodiment.

FIGS. 5A-5B are various front views of the second
leveling system of FIG. 4, according to an exemplary
embodiment.

FIG. 6 1s a diagram of a third leveling system that may be
implemented as one of the front leveling system or the rear
leveling system of FIGS. 1-2, according to an exemplary
embodiment.

FIGS. 7A-T7B are various front views of the third leveling
system of FIG. 6, according to an exemplary embodiment.

FIG. 8 1s a diagram of a fourth leveling system that may
be implemented as one of the front leveling system or the
rear leveling system of FIGS. 1-2, according to an exem-
plary embodiment.

FI1G. 9 1s a block diagram of a control system for operating
the front leveling system and/or the rear leveling system of
FIGS. 1-2, according to an exemplary embodiment.

FIG. 10 1s a side view of the lift device of FIG. 1 with a
l1ift apparatus at an elevation angle, according to an exem-
plary embodiment.
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FIG. 11 1s a top view of the lift device of FIG. 1 with the
lift apparatus at a yaw angle, according to an exemplary
embodiment.

DETAILED DESCRIPTION

Before turning to the FIGURES, which illustrate the
exemplary embodiments in detail, 1t should be understood
that the present application 1s not limited to the details or
methodology set forth 1 the description or illustrated 1n the
FIGURES. It should also be understood that the terminology
1s for the purpose of description only and should not be
regarded as limiting.

Overview

Referring generally to the FIGURES, a lift apparatus
includes a chassis or a lift base, a lift apparatus, and front and
rear axles. The front and rear axles can support the chassis
or the lift base, which supports the lift apparatus. Each of the
front and rear axles are coupled with the chassis or the It
base through a corresponding leveling system. The leveling
systems may be configured to adjust a relative orientation
between the chassis and the front or rear axles. The leveling
systems can be operated by a controller independently of
cach other, or 1n conjunction with each other. For example,
the front leveling system or the rear leveling system may
include sensors configured to measure relative orientation
between the axle and the chassis. The measured relative
orientation can be obtained from one of the front leveling
system or the rear leveling system and used by the controller
to operate the other of the front leveling system or the rear
leveling system. At least of the front leveling system or the
rear leveling system may be configured to allow limited
oscillation, rocking, or relative rotation between the chassis
and the axle, regardless of a current relative orientation
between the chassis and the axle that 1s achieved through
operation of the leveling systems.

The terms “front,” “rear,” “left,” and “right” as used
herein are relative terms to provide reference and not nec-
essarily intended to be limiting. “Active control” refers to
engaging valves, pumps, motors, etc. with a processing
circuit or controller to selectively vary the extension, retrac-
tion, etc. of an actuator (e.g., a hydraulic cylinder, etc.).
Lift Device

As shown 1n FIG. 1, a machine, shown as lift device 10,
includes a chassis, shown as lift base 20. In some embodi-
ments, the lift device 10 1s an aenial work platform, a
telehandler, a boom lift, a scissor lift, and/or still another
type of lift device. As shown 1n FIG. 1, the lift base 20
supports a lift apparatus 40 (e.g., a boom assembly, an
articulated boom, a scissors lift apparatus, a telescoping
boom, etc.). In some embodiments, the lift apparatus 40 1s
coupled with the lift base 20 through a turntable that is
rotatable relative to the lift base 20.

As shown in FIG. 1, a first end, shown as front end 22, and
an opposing second end, shown as rear end 24, of the It
base 20 1s supported by a plurality of tractive elements,
shown as tractive elements 16. According to the exemplary
embodiment shown in FIG. 1, the tractive elements 16
include wheels. In other embodiments, the tractive elements
16 include a track element, support members, articulated
arms, etc. According to an exemplary embodiment, the It
device 10 includes a plurality of driver actuators (e.g.,
clectric wheel motors, etc.). Each of the drive actuators may
be positioned to {facilitate immdependently and selectively
driving one of the tractive elements 16 to move the it
device 10. In some embodiments, the lift device 10 only
includes front drive actuators positioned to drive the front
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tractive elements 16. In some embodiments, the lift device
10 only includes rear drive actuators positioned to drive the
rear tractive elements 16. In some embodiments, the lift
device 10 includes drive actuators positioned to drive the
front tractive elements 16 and the rear tractive elements 16.
In some embodiments, the liit device 10 1includes a plurality
of brakes (e.g., one for each tractive element 16, etc.)
positioned to independently and selectively restrict rotation
of each of the tractive elements 16.

The lift apparatus 40 can include various boom sections
(e.g., in the case where the lift apparatus 40 1s a boom). In
other embodiments, the lift apparatus 40 includes a different
number and/or arrangement of boom sections (e.g., one,
three, etc.). According to an exemplary embodiment, the lift
apparatus 40 1s an articulating boom assembly. According to
another exemplary embodiment, the lift apparatus 40 1s a
telescopic, articulating boom assembly. By way of example,
the lift apparatus 40 may include multiple telescoping boom
sections that are configured to extend and retract along a
longitudinal centerline thereof to selectively increase and
decrease a length of the lift apparatus 40.

As shown 1n FIG. 1, the lift apparatus 40 has a first end
(c.g., a lower end, etc.), shown as base end 52, and an
opposing second end, shown as outer end 54. The base end
52 of the lift apparatus 40 1s coupled (e.g., pivotally, pinned,
fixedly, etc.) with the lift base 20. As shown 1n FIG. 1, the
l1ft apparatus 40 includes an implement, shown as platiorm
assembly 92, coupled to the outer end 54 of the lift apparatus
40.

According to an exemplary embodiment, the platform
assembly 92 1s a structure that 1s particularly configured to
support one or more workers. In some embodiments, the
platform assembly 92 includes an accessory or tool config-
ured for use by a worker. Such tools may include pneumatic
tools (e.g., impact wrench, airbrush, nail gun, ratchet, etc.),
plasma cutters, welders, spotlights, etc. In some embodi-
ments, the platform assembly 92 includes a control panel to
control operation of the lift device 10 from the platform
assembly 92. In other embodiments, the platform assembly
92 includes or 1s replaced with an accessory and/or tool (e.g.,
torklift forks, etc.). The lift apparatus 40 1s configured to
operate (e.g., through operation of one or more actuators,
clectric motors, pneumatic actuators, hydraulic cylinders,
engines, pumps, hydraulic systems, etc.) to raise or lower the
platform assembly 92.

Referring to FIGS. 1-2, the lift device 10 includes a front
leveling system 200a and a rear leveling system 20056. The
front leveling system 200q 1s configured to facilitate leveling
or achieving a desired relative orientation between the lift
base 20 and the axles 150, or to facilitate relative rotation in
limited amounts between the lift base 20 and the axles 150.
The front leveling system 200a can facilitate rotatable
coupling and support between the lift base 20 and the front
axle 150q. Similarly, the rear leveling system 20056 can
facilitate rotatable coupling and support between the lift
base 20 and the rear axle 1505. The front leveling system
200a and the rear leveling system 2006 can be the same
leveling systems, or may differ. The front leveling system
200a and the rear leveling system 20056 can be operated 1n
conjunction with each other to achieve a desired overall
leveling of the lift device 10. For example, 11 both the front
leveling system 200a and the rear leveling system 20056
include actuators or hydraulic pistons, an operation of the
actuators or hydraulic pistons of the front leveling system
200a and the rear leveling system 2005 may be linked to
achieve an overall leveling result. In some embodiments, the
tront leveling system 200a and the rear leveling system 20056
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include actuators configured to facilitate desired relative
rotation or limait relative rotation between the lift base 20 and
the axles 150. The lift base 20 may define a central axis 26
(e.g., a longitudinal axis).

It should be understood that in other embodiments, the lift
device 10 1s any of an articulating boom lift, a telescoping
boom lift, a compact crawler boom lift, a telehandler, a
scissors lift, a toucan mast boom lift, or any other lift device.
Any of the articulating boom lift, the telescoping boom liit,
the compact crawler boom lift, the scissors lift, the toucan
mast boom lift, etc., may include one or more axles 150,
tractive elements coupled with the axles 150, the liit base 20
pivotally coupled with the one or more axles 150, and a
leveling system as described according to the wvarious
embodiments hereinbelow.

Leveling Systems

As shown 1n FIGS. 3A-3B, a leveling assembly, shown as
leveling system 300 may be implemented 1n the lift device
10 as the front leveling system 200a or the rear leveling
system 2005, or both the front leveling system 200a and the
rear leveling system 2006. The leveling system 300 as
described herein may be implemented in the lift device 10 or
any of the other embodiments of the lift device 10 as
described 1n greater detail above (e.g., an articulating boom
l1ft, a telescoping boom lift, a compact crawler boom lift, a
telehandler, a scissors lift, a toucan mast boom lift, or any
other lift device, etc.). The lift base 20 can be rotatably or
pivotally coupled with a corresponding one of the axles
(e.g., the front axle 150a or the rear axle 15054) through a
pivot 160 that rotatably or pivotally couples with the lift base
20 at a first end through a pivot pin 170 and fixedly couples,
at an opposite end, with the corresponding one of the axles
150.

According to an exemplary embodiment, the leveling
system 300 1s configured to facilitate maintaining the lift
base 20, and/or the platform assembly 92 of the lift device
10 level relative to gravity (e.g., while stationary, while
being driven on uneven and/or sloped ground, while oper-
ating the lift apparatus 40, etc.). If the leveling system 300
1s 1mplemented as the front leveling system 200a, the
leveling system 300 can include a first leveling actuator,
shown as front left actuator 310, and a second leveling
actuator, shown as front right actuator 320. If the leveling
system 300 1s implemented as the rear leveling system 2005,
the leveling system 300 includes a third leveling actuator,
shown as rear left actuator 330, and a fourth leveling
actuator, shown as rear right actuator 340. In some embodi-
ments (e.g., embodiments where one of the axles 150 1s
fixed, etc.), the leveling system 300 does not include the rear
lett actuator 330 and the rear right actuator 340 (e.g., a fixed
rear axle and a pivoting front axle). In other embodiments,
the leveling system 300 includes the rear left actuator 330
and the rear right actuator 340, but does not include the front
left actuator 310 and the front right actuator 320 (e.g., a fixed
front axle and a pivoting rear axle). According to an exem-
plary embodiment, the front left actuator 310, the front right
actuator 320, the rear left actuator 330, and the rear right
actuator 340 are hydraulic actuators driven by a hydraulic
pump and controlled via various valves. In other embodi-
ments, the front left actuator 310, the front right actuator
320, the rear left actuator 330, and the rear rnight actuator 340
are pneumatic actuators and/or electric actuators.

FIGS. 3A-3C show the leveling system 300 implemented
in the lift device 10. Each of the front left actuator 310, the
front right actuator 320, the rear left actuator 330, and the
rear right actuator 340 includes a main body, shown as
cylinder 350, and a rod, shown as rod 352, slidably received
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within the cylinder 350 and terminating with an interface,
shown as interface 354. As shown 1n FIGS. 3A-3C, the rods
352 are seclectively extendable from and retractable into the
cylinders 350 such that the interfaces 354 selectively engage
corresponding contact points, shown as contact points 392,
positioned along the axles 150. In some embodiments, the
interfaces 354 and/or the contact points 392 are manufac-
tured from a rnigid material (e.g., metal, steel, etc.). In some
embodiments, the interfaces 354 and/or the contact points
392 are manufactured from a compliant material (e.g., hard
rubber, etc.) such that the interfaces 354 and the contact
points 392 engage with the faces thereof parallel with each
other (e.g., to increase the area of engagement therebetween
when the axles 150 are pivoted about the central axis 26 into
a non-nominal position, to reduce wear, etc.). In some
embodiments, the interfaces 354 and/or the contact points
392 freely pivot such that the interfaces 354 and the contact
points 392 engage with the faces thereof parallel with each
other (e.g., to increase the area of engagement therebetween
when the axles 150 are pivoted about the central axis 26 1nto
a non-nominal position, etc.). In an alternative embodiment,
the interfaces 354 of the rods 352 are coupled (e.g., pined,
etc.) to the contact points 392 of the axles 150.

As shown 1n FIGS. 3A-3B, the rods 352 of the front left
actuator 310, the front right actuator 320, the rear leit
actuator 330, and the rear right actuator 340 are retracted
such that the interfaces 354 are disengaged from the contact
points 392 and the axles 150 freely pivot about the central
axis 26. As shown 1n FIG. 3C, the rods 352 of the front left
actuator 310, the front right actuator 320, the rear leit
actuator 330, and the rear right actuator 340 are extended
such that the interfaces 354 are engaged with the contact
points 392. In such an arrangement, the front leit actuator
310, the front right actuator 320, the rear left actuator 330,
and the rear right actuator 340 may be extended to (1) lock
the axles 150 at a desired angle and/or (11) actively/adap-
tively control the angle of the axles 150. In some embodi-
ments, the front left actuator 310, the front right actuator
320, the rear left actuator 330, and the rear right actuator 340
are controlled such that one of the axles 150 1s free to pivot
and the other of the axles 150 1s locked. In some embodi-
ments, the front left actuator 310, the front right actuator
320, the rear lett actuator 330, and the rear right actuator 340
are conftrolled such that one of the axles 150 1s free to pivot
and the other of the axles 150 1s actively controlled (1.e., the
angle thereol). In some embodiments, the front left actuator
310, the front right actuator 320, the rear left actuator 330,
and the rear right actuator 340 are controlled such that one
of the axles 150 1s locked and the other of the axles 150 is
actively controlled (1.e., the angle thereot).

In some embodiments, the front left actuator 310, the
front right actuator 320, the rear left actuator 330, and/or the
rear right actuator 340 are extended a selected distance such
that the rods 352 do not engage the contact points 392, but
act as stops that limit the pivot range of the axles 150. By
way of example, when the rods 352 are fully retracted, the
axles 150 may pivot through a first angle range (e.g., from
—10 degrees to +10 degrees, from —15 to +15 degrees, from
-8 degrees to +8 degrees, from -5 degrees to +5 degrees,
ctc. about the central axis 26); however, the rods 352 may be
partially extended to function as bump stops that effectively
limit the pivot range from the first angle range to a second
angle range that 1s less than the first angle range. In some
embodiments, (1) the rods 352 of the front leit actuator 310
and/or the rear left actuator 330 are extended a first distance
and (11) the rods 352 of the front right actuator 320 and/or the
rear right actuator 340 are extended a second distance
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different than the first distance such that the axles 150 pivot
a different amount to the left than the right. In some
embodiments, (1) the rods 352 of the front leit actuator 310
and/or the front right actuator 320 are extended a first
distance and (11) the rods 352 of the rear left actuator 330
and/or the rear right actuator 340 are extended a second
distance different than the first distance such that the front
axle of the axles 150 pivots a different amount than the rear
axle of the axles 150.

As shown 1 FIGS. 3A-3C, the leveling system 300
includes various sensors, shown as front left load sensor
360, front right load sensor 362, rear left load sensor 364,
rear right load sensor 366, and tilt sensor 370. As shown 1n
FIGS. 3A-3C, the tilt sensor 370 1s positioned on and/or
within the lift base 20. According to an exemplary embodi-
ment, the t1lt sensor 370 1s configured to acquire tilt data to
facilitate monitoring a tilt angle (e.g., a roll angle, a pitch
angle, etc.) of the lift base 20. The t1lt sensor 370 may be or
include a gyroscope, an accelerometer, an inclinometer,

and/or still another suitable sensor to measure the tilt angle
of the lift base 20.

As shown 1n FIGS. 3A-3C, the front left load sensor 360
1s directly coupled to (e.g., integrated into, etc.) the front
axle of the axles 150, between (1) the front left actuator 310
(and the contact point 392 associated therewith) and (1) the
tractive element 16 associated with the front left of the lift
device 10. As shown in FIGS. 3A-3C, the front nght load
sensor 362 1s directly coupled to (e.g., integrated into, etc.)
the front axle of the axles 150, between (1) the front right
actuator 320 (and the contact point 392 associated therewith)
and (11) the tractive element 16 associated with the front right
of the lift device 10. As shown 1n FIGS. 3A-3C, the rear left
load sensor 364 1s directly coupled to (e.g., mntegrated into,
etc.) the rear axle of the axles 150, between (1) the rear left
actuator 330 (and the contact point 392 associated therewith)
and (11) the tractive element 16 associated with the rear left
of the lift device 10. As shown 1n FIGS. 3A-3C, the rear right
load sensor 366 1s directly coupled to (e.g., integrated into,
etc.) the rear axle of the axles 150, between (1) the rear right
actuator 340 (and the contact point 392 associated therewith)
and (11) the tractive element 16 associated with the rear right
of the Iift device 10. In some embodiments, the leveling
system 300 (i) does not include the front left load sensor 360
and the front right load sensor 362 or (11) does not include
the rear left load sensor 364 and the rear right load sensor
366. According to an exemplary embodiment, the front left
load sensor 360, the front right load sensor 362, the rear left
load sensor 364, and the rear right load sensor 366 are
configured to acquire load/strain data to facilitate monitoring
a load on and/or stain within different portions of the axles
150. The front left load sensor 360, the front right load
sensor 362, the rear left load sensor 364, and the rear right
load sensor 366 may be or include strain gauges/sensors
and/or still another suitable sensor to measure the load on
and/or strain within the axles 150.

Leveling Systems with Limited Rocking

Referring to FIGS. 4-5B, 6-7B, and 8, the lift device 10
can include a leveling system 400, a leveling system 500, or
a leveling system 600. The leveling system 400, the leveling
system 500, or the leveling system 600 may be similar to the
leveling system 300 and can facilitate leveling the lift base
20 relative to the axle 150, or can {facilitate 1mproved
oscillation control of the lift base 20 relative to the axle 150.
The leveling system 400, the leveling system 500, or the
leveling system 600 can allow a predetermined or limited
amount of relative rotation or pivoting between the axle 150

and the lift base 20. The axle 150 can define an axis 151. Any
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of the leveling system 400, the leveling system 500, or the
leveling system 600 may be implemented as the front
leveling system 200a or the rear leveling system 2005, or
both. It should be understood that any combination of the
leveling system 300, the leveling system 400, the leveling
system 500, or the leveling system 600 may be implemented
as the front leveling system 200aq and the rear leveling
system 2005. For example, the leveling system 300 may be
implemented in the lift device 10 as the rear leveling system
2005, while the leveling system 400 1s implemented as the
front leveling system 200q. In another embodiment, the
leveling system 300 1s implemented 1n the lift device 10 as
the rear leveling system 20056, while the leveling system 500
1s 1implemented in the lift device 10 as the front leveling
system 200a. The leveling systems 400, 500, and 600 may
be leveling systems that are configured to allow a limited
amount of relative rotation between the axle 150 and the lift
base 20.

As shown 1n FIG. 4, the leveling system 400 includes the
axle 150, a frame, carriage, pivotal member, intermediate
rocker, etc., shown as cradle 404, a first actuator 4104, and
a second actuator 4105. The axle 150 pivotally or rotatably
couples with the cradle 404 through a pin 418. The pin 418
may extend through apertures 422 on opposite longitudinal
sides (e.g., a front and rear side) of the cradle 404 and an
inner volume, bore, opening, hole, etc., shown as bore 424
of the axle 150. The bore 424 may be formed 1n or extend
through a protrusion, a ridge, an extension, etc., shown as
protrusion 426 of the axle 150. The pin 418 {facilitates
relative rotation between the cradle 404 and the axle 1350.
The pin 418 may be pinned or fixedly coupled with the
cradle 404 to limit relative rotation between the pin 418 and
the cradle 404.

The cradle 404 includes a pair of first members 428 and
430, and a pair of second members 432 and 434. The first
members 428 and 430 may extend 1n a lateral direction of
the axle 150 (e.g., 1n a direction parallel with or along the
axis 151). The first members 428 and 430 can be spaced
apart on opposite sides of the axle 150 (e.g., front and rear
sides of the axle 150). The second members 432 and 434
extend between the first members 428 and 430 at ends of the
first members 428 and 430. For example, the second mem-
ber 432 1s shown to extend between the first members 428
and 430 at a first end of the first members 428 and 430, and
the second member 434 1s shown to extend between the first
members 428 and 430 at a second end of the first members
428 and 430. The first members 428 and 430 can define or
include the apertures 422 at a centerpoint.

The second members 432 and 434 can each define a
corresponding contact or engagement surface, shown as
contact surface 436 and contact surface 438. The contact
surface 436 and the contact surface 438 can be configured to
engage, abut, directly contact, touch, etc., corresponding
surfaces or areas of the axle 150. In some embodiments, the
cradle 404 1s configured to pivot so that either the contact
surface 436 or the contact surface 438 engages, abuts,
contacts, etc., the axle 150, but the contact surface 436 and
the contact surface 438 do not both contact the axle 150
concurrently or simultaneously.

The second members 432 and 434 can also include
corresponding plates, extensions, shown as extensions 440
and 442. The extensions 440 and 442 extend inwards (e.g.,
towards the pin 418) and are configured to engage corre-
sponding sensors 412 (e.g., force sensors, strain gauges,
position sensors, etc.). The sensors 412 can be strain gauges
that are configured to measure an amount of force applied to
the cradle 404 on either lateral side of the cradle 404 (e.g.,
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an amount of force applied to the cradle 404 at the second
member 432 or an amount of force applied to the cradle 404
at the second member 434).

The lift base 20 of the lift device 10 may rotatably or
pivotally couple with the pin 418. For example, the liit base
20 of the I1ift device 10 may be rotatably or pivotally coupled
with the pin 318 through a trunnion mount. A member of the
l1it base 20 can extend between the axle 150 and the cradle
404 (e.g., between an interior surface of the first member
430 and an exterior surface of the axle 150) and pivotally
couple with the pin 418. The pin 418 can define an axis 406
about which the axle 150 can rotate relative to the cradle 404
and the lift base 20, even when the first actuator 410a and
the second actuator 41056 are fully extended to limit relative
rotation between the cradle 304 and the lift base 20.

The first actuator 410a and the second actuator 4105 can
be the same as or similar to the front right actuator 320 or
the rear right actuator 340, and the front left actuator 310 or
the rear left actuator 330, respectively, and may be operated
similarly. However, the first actuator 410a and the second
actuator 4105 are configured to engage, directly contact,
abut, etc., opposite ends of the cradle 404 as opposed to
contacting, engaging, abutting, etc., the axle 150. The first
actuator 410q and the second actuator 41056 can be operated
to provide leveling of the lift base 20 relative to the axle 150,
while allowing limited relative rotation between the axle 150
and the cradle 404, thereby allowing limited relative rotation
between the axle 150 and the lift base 20.

The sensors 412 (e.g., a first sensor 412a and a second
sensor 412b) may be configured to measure an amount of
strain, deformation, displacement, etc., present at opposite
lateral ends of the cradle 404 (e.g., at a first end of the cradle
404 where the first actuator 410q 1s positioned, or at a second
end of the cradle 404 where the second actuator 41056 1s
positioned). The first actuator 410a and the second actuator
41056 each include a body, shown as cylinder 450, and a rod
454 that 1s configured to be driven to extend or retract
relative to the cylinder 450. The cylinder 450 may be the
same as or similar to the cylinder 350 and the rod 454 may
be the same as or similar to the rod 352.

Retferring to FIGS. SA-5B, the leveling system 400 1s
shown when the first actuator 410a and the second actuator
4105 are locked out or extended fully to engage the cradle
404 (e.g., so that the rods 454 engage the cradle 404). When
the first actuator 410a and the second actuator 4105 are fully
extended to engage the cradle 404, the cradle 404 and the
axle 150 can still rotate relative to each other by a limited
amount. For example, as shown 1 FIG. 5A, the axle 150
may rotate relative to the cradle 404 and the lift base 20 in
a counter-clockwise direction about the pin 418 (e.g., about
the axis 406 defined by the pin) until the axle 150 abuts,
engages, contacts, etc., the contact surface 436 of the cradle
404. The axle 150 may be limited to rotate an angular
amount 0 1n either a clockwise or a counter-clockwise
direction as defined between a lateral axis 460 of the lift
device 10 or the lift base 20 and the axis 151 of the axle 150.
For example, as shown 1n FIG. 5B, the axle 150 may rotate
in a clockwise direction an angular amount 0 until the axle
150 abuts, engages, directly contacts, etc., the cradle 304
(e.g., until the axle 150 abuts the contact surface 438 of the
cradle 404). The first actuator 410a and the second actuator
41056 can thereby be controlled to provide leveling, roll
stability, etc., by engaging the cradle 404. The leveling
system 400 still allows a limited amount of relative rotation
between the lift base 20 and the axle 150. Some amount of
relative rotation between the lift base 20 and the axle 1350
may be desirable for load and stability sensing purposes
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(e.g., so that the sensors 412 can detect load and roll of the
axle 150 relative to the lift base 20). In this way, the cradle
404 may rock 1n either direction about the axis 406 defined
by the pin 418 until contacting the axle 150 at either of the
contact surface 436 or the contact surface 438. The lift base
20, the first actuator 410a and the second actuator 4105 can
rock or rotate in unison with the cradle 404 relative to the
axle 150 (e.g., 1t the first actuator 410a and the second
actuator 4105 are locked out, or fully extended to engage the
cradle 404).

The lift base 20 may rotate or pivot relative to the cradle
404 through operation of the first actuator 410a and the
second actuator 410b. For example, the lift base 20 may
rotate or pivot relative to the cradle 404 about the pin 418 1n
a clockwise direction 11 the second actuator 4105 1s retracted
while the first actuator 410a 1s extended. In this way, any of
the functionality of the leveling system 300 may be imple-
mented or performed by the leveling system 400 but with an
intermediate rotatable member (e.g., the cradle 404) to allow
limited relative rotation between the axle 150 and the lift
base 20 even when the first actuator 410a and the second
actuator 4105 are locked out. In some embodiments, the first
actuator 410a and the second actuator 41056 can be operated
(e.g., by a control system such as lift device control system
900 as described 1n greater detail below) to achueve a desired
relative rotational orientation between the axle 150 and the
l1ft base 20. Once the desired relative rotational orientation
between the axle 150 and the lift base 20 1s achieved (e.g.,
by operating the first actuator 410a and the second actuator
4106 to engage the cradle 404 so that the desired relative
rotational orientation between the axle 150 and the lift base
20 1s achieved), the axle 150 may still be free to rotate or
pivot a limited amount relative to the lift base 20 through
rocking of the cradle 404.

As shown i FIGS. 5A-5B, the leveling system 400
includes an mtermediate member, an elongated member, a
protrusion, a linkage, etc., shown as pivot 444. The pivot 444
may fixedly couple with the lift base 20 (e.g., being inte-
orally formed, welded, fastened, etc.) and pivotally or rotat-
ably couple with the pin 418 (e.g., at opposite ends of the
pivot 444). In this way, the lift base 20 can be coupled with
the axle 150 so that the lift base 20 1s supported by and
rotatable relative to the axle 150. The first actuator 410a and
the second actuator 41056 are fixedly coupled with the lift
base 20. The first actuator 410q and the second actuator 4105
can be the same or similar to the front left actuator 310, the
tront right actuator 320, the rear leit actuator 330, or the rear
right actuator 340, and may include cylinders (e.g., body
members, such as cylinders 350), rods configured to trans-
late relative to the cylinders (e.g., rods 352), and interfaces
(e.g., interfaces 354).

Referring now to FIG. 6, the leveling system 500 includes
a first actuator 510q, a second actuator 51054, the lift base 20,
and the axle 150. The leveling system 500 can be similar to
the leveling system 400 and may have a similar configura-
tion. For example, the first actuator 510a and the second
actuator 51056 can be the same as or similar to the first

actuator 410a and the second actuator 4106 (e.g., being
fixedly coupled with the lift base 20, including a body 550

and a rod 554, ¢tc.). The axle 150 and the lift base 20 can be
coupled through a pivot 544 that may be the same as or
similar to the pivot 444. For example, the pivot 544 may
rotatably or pivotally couple with the axle 150 through a pm
518 and may be fixedly coupled with the lift base 20. In
other embodiments, the pivot 544 1s pivotally or rotatably
coupled with the 1ift base 20 (e.g., through a pin) and fixedly
coupled with the axle 150.
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The rods 554 each include a distance sensor 556 that 1s
configured to measure a distance between an end of the rods
554 and an exterior surface of the axle 150. The distance
sensor 556 can be an infrared (IR) sensor, an inductive
proximity sensor, a capacitive proximity sensor, a photo-
clectric proximity sensor, an ultrasonic proximity sensor,
ctc. The distance sensor 356 can provide a currently mea-
sured distance between the exterior surface of the axle 150
and the end of the rod 554 to a control system or a controller.
The first actuator 510a and the second actuator 5105 can be
operated to extend while the currently measured distance as
obtained by the distance sensors 556 1s monitored. The
distance sensors 556 can be fixedly coupled or mounted at
an outer end of the rods 554 so that the distance sensors 556
can measure the distance between the ends of the rods 554
and the exterior surface of the axle 150. The first actuator
510a and the second actuator 5105 can be operated to extend
until the currently measured distance 1s equal to a predeter-
mined distance value, thereby indicating that the ends of the
rods 534 are a predetermined distance 560 from the exterior
surface of the axle 150. Once the ends of the rods 554 are
the predetermined distance 560 from the exterior surface of
the axle 150, the leveling system 500 can be operated
similarly to the leveling system 400.

With the first actuator 510a and the second actuator 5105
are configured so that the predetermined distance 560 is
formed between the ends of the rods 554 and the exterior
surface of the axle 150, the axle 150 may rotate or pivot
relative to the lift base 20 a limited angular amount as shown
in FIGS. 7A-7TB. For example, the axle 150 may rotate about
the pin 518 1n a counter-clockwise direction until the rod 554
of the second actuator 5106 directly contacts, abuts,
engages, etc., the exterior surface of the axle 150 (shown 1n
FIG. 7A), thereby limiting further rotation 1n the counter-
clockwise direction. Similarly, the axle 150 may rotate about
the pin 518 1n a clockwise direction until the rod 554 of the
first actuator 310q abuts, contacts, engages, etc., the exterior
surface of the axle 150 (shown 1n FIG. 7B), thereby limiting
further rotation 1n the clockwise direction. It should be
understood that after the first actuator 310q and the second
actuator 3106 are configured so that the predetermined
distance 560 between the rods 334 and the exterior surface
of the axle 150 1s achieved, the first actuator 510a and the
second actuator 5106 can be operated similarly to or the
same as the any of the first actuator 410a and the second
actuator 4105, the front right actuator 320 and the front left
actuator 310, or the rear right actuator 340 and the rear left
actuator 330, to provide leveling, roll stability, etc., as
described herein.

Referring to FIG. 8, the leveling system 600 includes the
l1ft base 20, the axle 150, and an actuator 610. The lift base
20 1s rotatably or plvotally coupled with the axle 150
through a pivot 644. The pivot 644 1s fixedly coupled with
the axle 150 and rotatably or pivotally coupled with the It
base 20 through a pivot pin 618. The lift base 20 may rotate
relative to the axle 150 about the pivot pin 618.

The actuator 610 can be similar to the actuators 510, and
may include a body 6350 and a rod 654 that 1s configured to
translate (e.g., to extend or retract) relative to the body 650.
The body 650 of the actuator 610 1s rotatably or pivotally
coupled with the lift base 20 at pin 658 so that the actuator
610 can rotate or pivot relative to the lift base 20. An outer
end of the rod 654 1s received within a slot 656 of the axle
150. Specifically, the outer end of the rod 654 can include a
tollower 660 (e.g., a pin) that 1s configured to ride along,
translate within, etc., the slot 656 along a length of the slot
656. The actuator 610 can be configured to pivot or rotate
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relative to the lift base 20 at a first end (about the pin 658)
and pivot or rotate relative to the axle 150 at a second end
(about the follower 660). The length of the slot 656 can
control or Iimit an amount of relative rotation or rocking
between the lift base 20 and the axle 150.

The actuator 610 can be operated to extend or retract to
achieve a desired relative orientation between the lift base
20 and the axle 150. For example, operating the actuator 610
to extend (e.g., so that the rod 654 translates out of the body
650) may cause the lift base 20 to rotate in a counter-
clockwise direction relative to the axle 150 (e.g., about the
pivot pin 618), thereby adjusting the relative orientation
between the lift base 20 and the axle 150. Similarly, oper-
ating the actuator 610 to retract (e.g., so that the rod 654
translates into the body 650) may cause the lift base 20 to
rotate 1n a clockwise direction relative to the axle 150,
thereby adjusting the relative orientation between the lift
base 20 and the axle 150.

Once the actuator 610 1s operated to achieve the desired
relative orientation between the lift base 20 and the axle 150,
the lift base 20 can rock or rotate relative to the axle 150
through translation of the follower 660 along the slot 656.
An amount of extension or retraction of the actuator 610 can
achieve a desired relative orientation 0 between the lift base
20 and the axle 150, while translation of the follower 660
along the slot 656 results 1n an angular amount A0 that the
l1ft base 20 can rotate or pivot relative to the axle 150 when
the desired relative orientation 0 1s achieved. In this way, the
l1ift base 20 and the axle 150 can have a relative angular
orientation of 0+/—-A0 where 0 results from and 1s controlled
by operation of the actuator 610, and AO results from and 1s
limited by the length of the slot 656, or a distance that the
follower 660 can translate along the slot 656. Advanta-
geously, the leveling system 600 facilitates achieving
desired relative orientation between the liit base 20 and the
axle 150, while also allowing a limited amount of rocking or
relative rotation between the lift base 20 and the axle 150.

It should be understood that while the actuator 610 1s
shown pinned with the lift base 20 and slidably and rotatably
coupled at an opposite end through the follower 660 that
translates within the slot 656 of the axle 150, the configu-
ration may be reversed so that the actuator 610 1s pinned
with the axle 150 and the opposite end of the actuator 610
slidably and rotatably couples with lift base 20 through the
slot 656 that 1s positioned on the lift base 20. Additionally,
while FIG. 8 shows only one actuator 610 on one side of the
pivot pin 618, another actuator may be provided on an
opposite side of the pivot pin 618, with a stmilar slot 656 and
follower 660.

Referring still to FIG. 8, the leveling system 600 includes
a first sensor 662 and a second sensor 664 positioned at
opposite ends of the slot 656. The first sensor 662 and the
second sensor 664 can be strain gauges, force sensors,
conductive sensors, etc., or any other sensor configured to
detect when the follower 660 contacts or engages one of the
first sensor 662 or the second sensor 664. In this way,
teedback from the first sensor 662 and/or the second sensor
664 can indicate whether or not the follower 660 of the
actuator 610 1s at either end of the slot 656. In this way, the
teedback from the sensors 662 and/or 664 can indicate 1f the
relative orientation between the lift base 20 and the axle 150
1s 0+A0 or 0-AO0.

It should be understood that any of the leveling system
400, the leveling system 400, or the leveling system 500 may
be operated similarly to or the same as the leveling system
300 as described throughout the present disclosure. The
leveling system 400, the leveling system 3500, or the leveling
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system 600 may be similar to the leveling system 300 but
facilitate a limited amount of relative rotation between the
l1tt base 20 and the axle 150. The leveling system 400, the
leveling system 500, or the leveling system 600 may also
include any of the sensors, actuators, etc., of the leveling
system 300. For example, the leveling system 400, the
leveling system 300, or the leveling system 600 may include
any load sensors (e.g., the front left load sensor 360, the rear
left load sensors 364, the front right load sensor 362, the rear
right load sensor 366) or tilt sensors (e.g., the tilt sensor 370)
of the leveling system 300. Further, while the leveling
system 400, the leveling system 500, and the leveling system
600 are described herein with reference to a single axle (e.g.,
the axle 150), any of or any combination of the leveling
system 400, the leveling system 300, or the leveling system
600 can be implemented on front and rear axles 150 of the
litt device 10.

Control System

As shown 1n FIG. 1, the lift device 10 includes a control
system, shown as lift device control system 900. As shown
in FIG. 9, the lift device control system 900 includes a
control module, shown as controller 910. In one embodi-
ment, the controller 910 1s configured to selectively engage,
selectively disengage, control, and/or otherwise communi-
cate with components of the lift device 10 (e.g., actively
control the components thereof, etc.). As shown 1n FIG. 9,
the controller 910 1s communicably coupled with the lift
device 10, and a user mtertace 920. Specifically, the con-
troller 910 can be communicably coupled with controllable
clements 202a of the front leveling system 200a, control-
lable elements 20256 of the rear leveling system 2006, and
sensors 204 of the lift device 10. In other embodiments, the
controller 910 1s coupled to more or fewer components. By
way ol example, the controller 910 may send and receive
signals (e.g., sensor data, sensor signals, control signals,
ctc.) with the controllable elements 202a of the front level-
ing system 200q, controllable elements 20256 of the rear
leveling system 20056, the sensors 204, and/or the user
interface 920. The controller 910 may be configured to
operate any of the front leveling system 200a and/or the rear
leveling system 20056 1n various modes and/or control any of
the front leveling system 200q and/or the rear leveling
system 2006 to maintain the lift base 20, and/or the Ilift
apparatus 40 level relative to gravity or at a desired orien-
tation relative to the axles 150.

The controller 910 may be implemented as a general-
purpose processor, an application specific mtegrated circuit
(ASIC), one or more ficld programmable gate arrays (FP-
GAs), a digital-signal-processor (DSP), circuits containing
one or more processing components, circuitry for supporting
a microprocessor, a group ol processing components, or
other suitable electronic processing components. According
to the exemplary embodiment shown 1n FIG. 9, the control-
ler 910 includes a processing circuit 912 and a memory 914.
The processing circuit 912 may include an ASIC, one or
more FPGAs, a DSP, circuits containing one or more pro-
cessing components, circuitry for supporting a microproces-
sor, a group of processing components, or other suitable
clectronic processing components. In some embodiments,
the processing circuit 912 1s configured to execute computer
code stored 1n the memory 914 to facilitate the activities
described herein. The memory 914 may be any volatile or
non-volatile computer-readable storage medium capable of
storing data or computer code relating to the activities
described herein. According to an exemplary embodiment,
the memory 914 includes computer code modules (e.g.,
executable code, object code, source code, script code,
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machine code, etc.) configured for execution by the process-
ing circuit 912. In some embodiments, controller 910 rep-
resents a collection of processing devices (e.g., servers, data
centers, etc.). In such cases, the processing circuit 912
represents the collective processors of the devices, and the
memory 914 represents the collective storage devices of the
devices.

In one embodiment, the user interface 920 includes a
display and an operator input. The display may be config-

ured to display a graphical user interface, an 1image, an icon,
and/or still other information. In one embodiment, the
display includes a graphical user interface configured to
provide general information about the lift device 10 (e.g.,
speed, fuel level, warning lights, battery level, etc.). The
graphical user interface may also be configured to display a
current position of any of the front leveling system 2004, the
rear leveling system 2005, a current position of the lift
apparatus 40, an orientation of the lift base 20 (e.g., angle
relative to a ground surface, etc.), stability characteristics of
the lift base 20, and/or still other information relating to the
lift device 10 and/or any of the front leveling system 200a
and the rear leveling system 2005.

The front leveling system 2004 may be any of the leveling
system 300, the leveling system 400, or the leveling system
500, or the leveling system 600, and the controllable ele-
ments 202a are the controllable elements (e.g., actuators)
thereotf. For example, 11 the front leveling system 200aq 1s the
leveling system 300, the controllable elements 202a may be
the front right actuator 320 and the front left actuator 310.
I1 the front leveling system 200q 1s the leveling system 400,
the controllable elements 202a are the actuators 410. It the
front leveling system 200q 1s the leveling system 500, the
controllable elements 202aq are the actuators 510. If the
leveling system 200q 1s the leveling system 600, the con-
trollable elements 202s are the actuator 610. Similarly, the
rear leveling system 2005 may be any of the leveling system
300, the leveling system 400, the leveling system 500, or the
leveling system 600. I the rear leveling system 2005 1s the
leveling system 300, the controllable elements 20256 are the
rear right actuator 340 and the rear left actuator 330. If the
rear leveling system 2005 1s the leveling system 400, the
controllable elements 2025 are the actuators 410. If the rear
leveling system 20056 1s the leveling system 500, the con-
trollable elements 20256 are the actuators 510. If the rear
leveling system 20056 1s the leveling system 600, the con-
trollable elements 20256 are the actuator 610.

Similarly, the sensors 204 can be or include sensors of the
l1tt device 10 or any of the leveling system 300, the leveling
system 400, the leveling system 300, or the leveling system
600 (c.g., the front left load sensor 360, the front right load
sensor 362, the rear left load sensor 364, the rear right load
sensor 366, the tilt sensor 370, the sensors 412, the distance
sensors 556, the sensors 662 and 664, ctc.), or any combi-
nation thereof. The sensors 204 provide sensor data to the
controller 910 for use i1n determining or generating the
control signals for the controllable elements 202a of the
front leveling system 200aq and the controllable elements
20256 of the rear leveling system 2005.

The operator input may be used by an operator to provide
commands to any of the lift device 10, the lift apparatus 40,
the front leveling system 200q, or the rear leveling system
20056. The operator input may include one or more buttons,
knobs, touchscreens, switches, levers, joysticks, pedals, a
steering wheel, or handles. The operator input may facilitate
manual control of some or all aspects of the operation of the
lift device 10. It should be understood that any type of
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display or mput controls may be implemented with the
systems and methods described herein.

As shown 1n FIGS. 10 and 11, the controller 910 1s
configured to monitor (1) a first angle or elevation angle,
shown as angle 0, of the lift apparatus 40 pivoted above
horizontal and (11) a second angle or yaw angle, shown as
angle v, of the lift apparatus 40 rotated relative to the central
axis 26. According to an exemplary embodiment, the con-
troller 910 1s configured to (1) monitor (a) the tilt data
acquired by the tilt sensor 370, (b) the load/strain data
acquired by the front left load sensor 360, the front right load
sensor 362, the rear left load sensor 364, the rear right load
sensor 366, and/or (c¢) the position of the lift apparatus 40
(e.g., relative to a nominal, stowed position; the angle 0 and
the angle v; etc.) and (11) control any of the front leveling
system 200a or the rear leveling system 2005.

The controller 910 may be configured to operate any of
the front leveling system 200a or the rear leveling system
2005 1n various modes based on the tilt data, the load/strain
data, the position of the lift apparatus 40, and/or whether the
lift device 10 1s being driven or 1s stationary. By way of
example, the controller 910 may be configured to operate
any of the front leveling system 200a or the rear leveling
system 2000 1n a first mode or a free oscillation mode 1n
response to (1) the lift apparatus 40 being “in-transport” or
positioned at an angle O less than or equal to a first angle
threshold (e.g., zero degrees, five degrees, etc.), (11) the lift
apparatus 40 being centered on the central axis 26 (e.g.,
positioned between the front two or rear two tractive ele-
ments 16, etc.) or positioned at an angle v less than or equal
to a second angle threshold (e.g., zero degrees, five degrees,
ten degrees, fifteen degrees, etc.), and/or (111) the lift device
10 being driven. In the free oscillation mode, the controller
910 may be configured to (1) retract the rods 352 or (11) allow
the rods 352 to float with the axles 150 such that the front
axle and/or the rear axle of the axles 150 (depending on
whether both are pivoting axles) are free to pivot about the
central axis 26. The free oscillation mode allows the tractive
clements 16 to remain 1n contact with the ground as the lift
device 10 drives over uneven terrain (e.g., to substantially
prevent a three-wheeling situation, etc.). In some embodi-
ments, one of the front axle or the rear axle of the axles 150
1s locked (if both are pivoting axles) during the free oscil-
lation mode. In some embodiments, the oscillating range of
the axles 150 1s limited by the controller 910 during the free
oscillation mode (e.g., by extending the rods 352 to function
as bump stops, based on a current speed of the lift device 10,
etc.).

By way of another example, the controller 910 may be
configured to operate any of the leveling system 200, the
leveling system 400, the leveling system 300, or the leveling
system 400 1n a second mode or an active control mode 1n
response to (1) the lift apparatus 40 being “out-of-transport”™
or positioned at an angle 0 greater than the first angle
threshold, (11) the turntable 30 and the lift apparatus 40 not
being centered on the central axis 26 or positioned at an
angle v greater than the second angle threshold, and/or (i11)
the lift device 10 being driven. In the active mode, the
controller 910 may be configured to (1) extend and retract the
rods 352 such that the imterfaces 354 engage the contact
points 392 and (1) actively control the pivot angle of the
axles 150 about the central axis 26 to level the lift device 10
(e.g., based on the t1lt data and the load/strain data; as the lift
apparatus 40 1s repositioned; as the lift device 10 1s driven;
etc.). In some embodiments, one of the front axle or the rear
axle of the axles 150 1s locked (if both are pivoting axles)
during the active mode.
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By way of still another example, the controller 910 may
be configured to operate any of the front leveling system
200a or the rear leveling system 20056 1n a third mode or a
locking mode 1n response to (1) the lift apparatus 40 being
“in-transport” or positioned at an angle 0 less than or equal
to the first angle threshold, (11) the lift apparatus 40 being
centered on the central axis 26 or positioned at an angle v
less than or equal to the second angle threshold, and (111) the
lift device 10 not being driven. In the locking mode, the
controller 910 1s configured to operate the front leveling
system 200a and the rear leveling system 2005 to prevent
oscillation of the axles 150 or to only allow a limited amount
ol oscillation of the axles 150. The controller 910 may be
configured to switch to the free oscillation mode 1n response
to the lift device 10 being switched to a drive mode or switch
to the active mode 1n response to the lift apparatus 40 being
repositioned (e.g., beyond the first angle threshold, the
second angle threshold, etc.)

By way of yet another example, the controller 910 may be
configured to operate any of the front leveling system 200a
and/or the rear leveling system 2005 in a fourth mode or a
reset mode 1n response to the tilt angle of the lift base 20
exceeding a third angle threshold (e.g., five degrees, eight
degree, ten degrees, twelve degrees, fifteen degrees, etc.). In
the reset mode, the controller 910 may be configured to
suspend or prohibit drive functionality of the lift device 10
and lock the axles 150 (while allowing a limited amount of
oscillation, 11 any of the leveling systems 400, 500, or 600
are 1mplemented as front leveling system 200a or rear
leveling system 2005) until the lift apparatus 40 i1s returned
to m-transport and/or centered on the central axis 26 (e.g.,
the 1ift apparatus 40 1s repositioned such that the angle 0 1s
less than the first angle threshold and the angle v 1s less than
the second angle threshold, the lift apparatus 40 1s retracted
to a rest position, etc.) to improve the stability of the lift
device 10.

By way of yet another example, the controller 910 may be
configured to operate the leveling system 500 to achieve the
predetermined distance 560 between the ends of the rods
554 and the exterior surface of the axle 150. For example,
the controller 910 may operate the first actuator 510a and the
second actuator 5106 to extend while monitoring sensor
teedback from the distance sensors 356. Once the sensor
teedback obtained from the distance sensors 556 indicates
that ends of the rods 554 are the predetermined distance 560
from the exterior surface of the axle 150, the controller 910
may cease operating the first actuator 510a and the second
actuator 5105 to extend. Advantageously, the leveling sys-
tem 400, the leveling system 500, and the leveling system
600 as described herein facilitate improved ability for oscil-
lation control and side to side leveling ability for lift devices
10 such as booms, scissors lifts, telehandlers, etc.

Front and Rear Axle Control

Referring particularly to FIGS. 2 and 9, the controller 910
can be configured to operate both the front leveling system
200a and the rear leveling system 2005 1n unison to achieve
desired roll stability, leveling, oscillation, etc. For example,
the lift device 10 may include the front axle 150a and the
rear axle 1505, each with a corresponding leveling system
200a or 2005, respectively, that includes either one or two
actuators. In some embodiments, the rear leveling system
2006 of the rear axle 1505 15 used by the controller 910 as
a sensor mput. For example, the controller 910 can obtain
roll or talt data from sensors of the rear leveling system 2005
(c.g., the sensors 662 and 664 if the rear leveling system
2005 1s the leveling system 600, the sensors 412 11 the rear
leveling system 20056 1s the leveling system 400) and use the
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roll or tilt data to control the front leveling system 200q. The
controller 910 can operate the front leveling system 200qa to
level the front axle 150a to compensate for any rolling or
ofl-axis rotation of the rear axle 1505. Similarly, the front
leveling system 200qa can provide sensor inputs for detecting
orientation or roll of the front axle 150a relative to the lift
base 20 to determine control for the rear axle 15056 to
achieve symmetric loading of the axles 150.

Configuration of Exemplary Embodiments

As utilized herein, the terms “approximately”, “about”,
“substantially”, and similar terms are intended to have a
broad meaning 1n harmony with the common and accepted
usage by those of ordinary skill in the art to which the
subject matter of this disclosure pertains. It should be
understood by those of skill in the art who review this
disclosure that these terms are intended to allow a descrip-
tion of certain features described and claimed without
restricting the scope of these features to the precise numerti-
cal ranges provided. Accordingly, these terms should be
interpreted as indicating that isubstantial or imnconsequen-
tial modifications or alterations of the subject matter
described and claimed are considered to be within the scope
of the mvention as recited 1n the appended claims.

It should be noted that the term “exemplary” as used
herein to describe various embodiments 1s intended to
indicate that such embodiments are possible examples,
representations, and/or illustrations of possible embodi-
ments (and such term 1s not intended to connote that such
embodiments are necessarily extraordinary or superlative
examples).

The terms “coupled,” “connected,” and the like, as used
herein, mean the joiming of two members directly or indi-
rectly to one another. Such joining may be stationary (e.g.,
permanent) or moveable (e.g., removable, releasable, etc.).
Such joining may be achieved with the two members or the
two members and any additional intermediate members
being integrally formed as a single umitary body with one
another or with the two members or the two members and
any additional intermediate members being attached to one
another.

References herein to the positions of elements (e.g., “top,”
“bottom,” “above,” “below,” etc.) are merely used to
describe the orientation of various elements in the figures. It
should be noted that the orientation of various elements may
differ according to other exemplary embodiments, and that
such vanations are intended to be encompassed by the
present disclosure.

Also, the term “or” 1s used 1n 1ts inclusive sense (and not
in 1ts exclusive sense) so that when used, for example, to
connect a list of elements, the term “or” means one, some,
or all of the elements in the list. Conjunctive language such
as the phrase “at least one of X, Y, and Z,” unless specifically
stated otherwise, 1s otherwise understood with the context as
used i general to convey that an item, term, etc. may be
etther X, Y, Z, Xand Y, X and Z, Y and Z, or X, Y, and Z
(1.e., any combination of X, Y, and Z). Thus, such conjunc-
tive language 1s not generally intended to imply that certain
embodiments require at least one of X, at least one of Y, and
at least one of Z to each be present, unless otherwise
indicated.

It 1s important to note that the construction and arrange-
ment of the elements of the systems and methods as shown
in the exemplary embodiments are illustrative only.
Although only a few embodiments of the present disclosure
have been described 1n detail, those skilled in the art who
review this disclosure will readily appreciate that many
modifications are possible (e.g., variations 1n sizes, dimen-
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sions, structures, shapes and proportions of the various
clements, values of parameters, mounting arrangements, use
of materials, colors, orientations, etc.) without materially
departing from the novel teachings and advantages of the
subject matter recited. For example, elements shown as
integrally formed may be constructed of multiple parts or
clements. It should be noted that the elements and/or assem-
blies of the components described herein may be constructed
from any of a wide variety of materials that provide sutli-
cient strength or durability, in any of a wide variety of
colors, textures, and combinations. Accordingly, all such
modifications are intended to be included within the scope of
the present inventions. Other substitutions, modifications,
changes, and omissions may be made 1n the design, oper-
ating conditions, and arrangement of the preferred and other
exemplary embodiments without departing from scope of
the present disclosure or from the spirit of the appended
claims.

What 1s claimed 1s:
1. A leveling system for a lift device, the leveling system
comprising:
an axle configured to rotatably couple with one or more
tractive elements;
a pin extending through a bore of the axle;

a cradle pivotally coupled with the pin; and

a chassis pivotally coupled with the pin, the chassis
comprising a first actuator and a second actuator,
wherein the first actuator and the second actuator each
comprise a body and a rod configured to extend relative
to the body, wherein the rods of the first actuator and
the second actuator are configured to be extended to
engage corresponding surfaces on opposite sides of the
cradle;

wherein the cradle and the chassis are configured to rock
in unison a limited angular amount relative to the axle;
and

wherein opposite ends of the cradle are configured to
directly contact corresponding surfaces of the axle
when rocking between a first angular orientation and a
second angular orientation relative to the axle.
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2. The leveling system of claim 1, wherein the first
actuator and the second actuator are configured to extend or
retract the rod relative to the body to adjust a relative angular
orientation between the chassis and the cradle.

3. The leveling system of claim 1, wherein the cradle and
the chassis are configured to rotate in unison the limited
angular amount relative to the axle independently of a
current relative angular orientation between the cradle and
the chassis.

4. The leveling system of claim 1, wherein the first
actuator and the second actuator are configured to operate to
extend or retract to level the chassis relative to the cradle
without adjusting a relative angular orientation between the
cradle and the axle.

5. The leveling system of claim 1, wherein a first end of
the cradle directly contacts a first corresponding surface of
the axle when the cradle rocks to the first angular orientation
relative to the axle, and a second end of the cradle directly
contacts a second corresponding surface of the axle when
the cradle rocks to the second angular orientation relative to
the axle.

6. The leveling system of claim 1, wherein the cradle 1s
fixedly coupled with the pin.

7. The leveling system of claim 1, wherein the axle
comprises a protrusion, wherein the protrusion includes the
bore that extends through the protrusion 1 a longitudinal
direction and the pin extends through the bore.

8. The leveling system of claim 1, wherein the pin defines
an axis and the cradle and the chassis are configured to rotate
or pivot 1 unison about the axis relative to the axle the
limited angular amount.

9. The leveling system of claim 1, wherein the chassis 1s
pivotally coupled with the pin through a trunnion mount.

10. The leveling system of claim 1, further comprising a
pair of strain gauges or position sensors, wherein the pair of
strain gauges or position sensors are positioned on opposite
lateral sides of the pin and are configured to measure a strain
or a force applied by the cradle as the cradle rocks relative
to the axle.
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